The cell extract protein content of acetate-and methanol-grown Methanosarcina thermophila TM-1 was examined by two-dimensional polyacrylamide gel electrophoresis. More than 100 mutually exclusive spots were present in acetate-and methanol-grown cells. Spots corresponding to acetate kinase, phosphotransacetylase, and the five subunits of the carbon monoxide dehydrogenase complex were identified in acetate-grown cells. Activities of formylmethanofuran dehydrogenase, formylmethanofuran:tetrahydromethanopterin formyltransferase, 5,10-methenyltetrahydromethanopterin cyclohydrolase, methylene tetrahydromethanopterin:coenzyme F420 oxidoreductase, formate dehydrogenase, and carbonic anhydrase were examined in acetate-and methanol-grown Methanosarcina thermnophila. Levels of formyltransferase in either acetate-or methanol-grown Methanosarcina thermophila were approximately half the levels detected in H2-CO2-grown Methanobacterium thermoautotrophicum. All other enzyme activities were significantly lower in acetate-and methanol-grown Methanosarcina thermophila.
Of the known methanogens, Methanosarcina species are the most catabolically diverse and are therefore amenable to the study of catabolite influence on protein synthesis. Methanosarcina thermophila TM-1 is capable of using acetate, methanol, or methylated amines as growth substrates (28) . Except for the reductive demethylation of methyl coenzyme M, the pathways for utilization of acetate or methanol by the methanogenic archaeobacteria (see Fig. 3 ) (23, 25) are distinct from the pathway for reduction of carbon dioxide (20) . When acetate is used, acetate kinase and phosphotransacetylase catalyze the activation of acetate to acetyl coenzyme A prior to the proposed cleavage of the carbon-carbon bond by the carbon monoxide dehydrogenase (CODH) complex (23) . The levels of these enzymes are severalfold greater in acetate-grown cells than they are in methanol-grown cells (1, 15, 23) . Electrons for the demethylation of methyl coenzyme M derive from the oxidation of methanol (see reaction 5 in Fig. 3 ) or the carbonyl group of acetate (see reaction 2 in Fig. 3 ). The presence of formylmethanofuran dehydrogenase activity in extracts of methanol-grown Methanosarcina barkeri is consistent with the proposal that methanol is oxidized by a reversal of the carbon dioxide reduction pathway (5) . Growth of Methanosarcina thermophila TM-1 is supported by acetate or methanol, but the organism reduces carbon dioxide to methane only after an extended adaptation period, and growth is poor (28) . Here we present results of two-dimensional (2-D) gel electrophoretic analyses of whole-cell proteins which estimate the extent of regulation by the growth substrate and report the activities of the enzymes that catalyze one-carbon redox reactions in extracts of acetate-and methanol-grown cells.
MATERIALS AND METHODS
Organism and 2-D electrophoresis. Methanosarcina thermophila (29) was grown either on 100 mM acetate or 100 mM methanol to the mid-log phase, and extracts were prepared by using a French pressure cell as described previously (22 (27) to detect lowabundance proteins. Purified acetate kinase was a gift from D. J. Aceti (1), CODH was a gift from K. C. Terlesky (23) , and phosphotransacetylase was a gift from L. L. Lundie (15) .
Enzyme activities. Formylmethanofuran dehydrogenase, formylmethanofuran:tetrahydromethanopterin formyltransferase, 5,10-methenyltetrahydromethanopterin cyclohydrolase, methylene tetrahydromethanopterin:coenzyme F420 oxidoreductase, and formate dehydrogenase activities were assayed as described before by using coenzymes that were isolated from Methanobacterium thermoautotrophicum (5, 7, 8, 10, 21) Carbonic anhydrase was assayed as described before (12 Spots corresponding to acetate kinase or phosphotransacetylase were either absent or present at a lower intensity in gels of methanol-grown cells (Fig. 1B) . These results are consistent with the previously reported amounts of enzyme activities and materials that cross-react with anti-acetate kinase or anti-phosphotransacetylase antiserum (1, 15 (28) , four polypeptides with the same molecular weight were present in acetate-grown Methanosarcina thermophila cells that cross-reacted with antiformyltransferase antiserum from Methanobacterium thermoautotrophicum (Fig. 2) . Spots that corresponded in location to the cross-reacting material were visible in 2-D gels of both acetate-and methanol-grown cells. High levels of formyltransferase activity were present in both acetateand methanol-grown cells (Table 1 ). The pattern in Fig. 2 implies charge train heterogeneity; possible microheterogeneity of the formyltransferase from Methanobacterium thermoautotrophicum has been noted previously (8) .
Enzyme activities. Low levels of formylmethanofuran dehydrogenase activity were detected in acetate-grown cells of Methanosarcina thermophila, but methanol-grown cells contained higher levels of activity than did H2-CO2-grown Methanobacterium thermoautotrophicum ( The results do not allow conclusions to be made regarding the function of these enzyme activities in Methanosarcina thermophila, but several possibilities can be envisioned. Electrons for the terminal reductive step are provided by the oxidation of methanol when cells are growing on this substrate as the sole source of carbon and energy (Fig. 3) . The levels of activities in methanol-grown cells of Methanosarcina thermophila are consistent with a hypothesis in which methanol is oxidized by a reversal of the carbon dioxide reduction pathway (5) . Electrons for the terminal reductive step during acetate utilization are provided by oxidation of the carbonyl groups; however, additional reductant is necessary for biosynthetic reactions. The enzyme activities in acetate-grown Methanosarcina thermophila could potentially catalyze the oxidation of the methyl group of acetate to generate accessory electrons for biosynthesis. Acetategrown Methanosarcina thermophila is unable to reduce carbon dioxide to methane; utilization of H2-CO2 occurs only after an extended adaptation period, and growth is poor (28 pathway for acetate metabolism to methane is hypothesized in which the carbonyl group is converted to formyltetrahydromethanopterin followed by the release of the formyl group coupled to a substrate-level phosphorylation; the resulting formate is finally oxidized to carbon dioxide (26) . Formate dehydrogenase activity was low (Table 1 ) compared with that of formate-utilizing Methanobacterium formicicum (9.0 U/mg), and free formate was not detected in extracts or spent culture media (lower limit, 10 ,uM) (data not shown). In addition, formate is unable to support methyl coenzyme M reductase activity in acetate-grown Methanosarcina thermophila cells (16) . However, the results do not rule out oxidation of an enzyme-bound formyl group to carbon dioxide. The relatively low levels of formate dehydrogenase activity in acetate-and methanol-grown cells could potentially function to provide formyl groups for cell carbon synthesis, as recently proposed for Methanobacterium thermoautotrophicum (22a) . Other possibilities for the high levels of formyltransferase include cycling of a formyl group in the hypothetical mechanism proposed for substratelevel phosphorylation in methanogens (14) .
